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On Santa Catalina Island, Ca high-grade amphibolite units overlie progressively lower-
grade blueschist units in an inverted stack structure.  This juxtaposition of high grade and 
low-grade metamorphic units has long been the subject of much debate as to the tectonic 
origins of the formation and how it relates to California’s tectonic evolution. Previous 
petrography and thermobaromety of blocks in the amphibolite unit estimate pressures and 
temperatures of ~8-11 kbar and ~640-750  ̊C (Platt, 1975; Sorensen and Barton 1987). 
These estimates were calculated before many of the computational advances in modern 
thermobarometry. Using Equilibrium Assemblage Diagrams (EAD) calculated with 
Theriak Domino, this study estimates the peak of metamorphism at temperatures between 
700˚C and 750˚C and pressures above 15kbar. Interpretation of textural features from a 
clinopyroxene bearing block previously studied by Sorensen (1988) and Sorensen and 
Grossman (1989) suggest the sample followed a near isothermal decompression path 
from 50km to 21 km of depth. EAD analysis also provides additional support for claims 
that large metamafic blocks in the Amphibolite unit mélange were residua of Fe-Ti rich 
mafic rocks after extraction of an albite rich partial melt.  
 
INTRODUCTION 
Santa Catalina Island is a cornerstone in our understanding subduction-related 
metamorphism and fluid-rock interactions (e.g., Bebout, 2007).  The Catalina Schist is a 
package of low and high-grade meta-mafic, meta ultramafic and metasedimentary rocks. 
The formation provided one of the first models of subduction zone initiation (Platt, 1976) 
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and subduction related metasomatism (Bebout and Barton, 1989).  However, recent 
studies have challenged the previous tectonic models for the Catalina Schist’s formation.  
All models that have been proposed rely on thermodynamic estimates that have not been 
updated despite considerable advances in the field of thermobarometry.  The new tectonic 
models, bolstered by updated temperature and pressure estimates, could have important 
implications for our understanding of fluid flow in subduction zones as well as 
subduction related metamorphic processes. Using updated methods of thermobarometric 
modeling, this study supports and improves upon the pressure and temperature estimates 
of Sorensen and Barton (1987), as well as the conclusion that an albite rich melt 
component was extracted from the highest grade formations prior to peak-metamorphism 
(e.g. Sorensen and Barton 1987; Sorensen 1988,) 
 
Santa Catalina Island lies about 20 miles off of the coast of Los Angeles, California (Fig. 
1).  The island is known for its unique geology, wherein tectonic blocks of metamafic, 
meta-ultramafic and metasedimentary rock are located within ultramafic and 
metasedimentary mélange. This mélange and underlying more coherent metamafic rocks, 
known as the amphibolite unit, overlie progressively lower grade metamorphic rocks.  
These lower-grade formations transition down topography and structure across low angle 
faults from epidote-blueschists to lawsonite-blueschists and finally to lawsonite-albite 
formations (Figure 1).  Previous work has determined that the source material for these 
units was forearc sediments from late Triassic-Jurassic flysch rocks, younger volcanic 
material from the near by Peninsular Ranges batholith, and mafic and ultramafic 
basement rocks (Grove et al., 2008).  The depositional history of these units is consistent 
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with an unroofing sequence likely from the nearby Peninsular Ranges batholith (Grove et 
al., 2008).  
 
 
Figure 1.  Map of Santa Catalina Island and relevant geologic units after Grove & Bebout (1995). Map 
credit to Zeb Page with additions by the author. 
 
Current research suggests that the high-grade amphibolites formed at ~115 Ma at ~8-11 
kbar and ~640-750  ̊C; the lower grade formations accreted over the following ~20 My 
with the epidote-blueschist forming at ~8 kbar, 450  ̊C and the lawsonite-blueschist 
forming at ~9 kbar, 300 ̊C (Grove et al., 2008; Sorensen and Barton, 1987; Platt, 1975).  
This is an unusual situation because the rocks appear to have formed at relatively similar 
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pressures but very different temperatures; the temperature of the amphibolites is much 
higher than usually observed in a subduction zone.  
 
Much of the thermobarometric history of these rocks relies on Platt’s 1975 paper and 
Sorensen and Barton (1987).  Both papers focus most of their analyses on the amphibolite 
unit and give similar estimates for its peak temperature and pressure.  Platt (1975) places 
the units in a pressure range of 8.5 to 12.5 kbar and a temperature range of 580 to 620 ˚C, 
while Sorensen and Barton (1987) give a higher temperature range with their estimate of 
8.5 to 11 kbar and 640 to 750˚ C. Sorensen and Barton use more recent thermometers to 
constrain temperature and use fluid inclusion analysis to constrain pressure.  These 
estimates both predate computational database approaches to thermobarometry that are 
now standards in the field. This study reevaluates the temperature and pressure estimates 
by Platt (1975) and Sorensen and Barton (1987) using equilibrium assemblage diagram 
(EAD) analysis on one large clinopyroxene-bearing garnet hornblendite block located 




Amphibolite is atypical of subduction zones because the presence of cold basalts 
mediates the local temperature within the subduction zone to below the heat required for 
amphibolite formation.  Thus, it is hard to explain the presence of amphibolite in contact 
with blueschists without determining a mechanism for heating. There are currently two 
tectonic models proposed to explain the geologic history of Catalina Island: Platt (1975) 
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updated in 1995 by Grove & Bebout, and more recently Grove et al. (2008).  The 
challenge for both models is to explain how high temperature amphibolites could be 
juxtaposed with low temperature blueschists, and both models focus on an explanation 
for this additional heat availability. 
 
Platt (1975) proposed that the excess heat to form the amphibolites was supplied by the 
hot hanging wall peridotite in a newly initiated subduction zone. This model also 
explained the inverse stacking of the units by metamorphic grade, since the heat was 
applied from above.  As the subduction zone continued to pull in cold ocean floor, the 
hanging wall cooled, and the sediments in the accretionary wedge were exposed to lower 
temperatures and were metamorphosed to progressively lower grades.  
 
This explanation was widely accepted until 2008, when Grove and others pointed out that 
little evidence exists for a new subduction zone forming at the same time as Catalina 
amphibolite-facies metamorphism.  Firstly, there are no ophiolites in southern California 
from ~122-115 Ma as one would expect to find from the initiation of a subduction zone 
of the same age (Grove et al., 2008).  This age range is constrained by the oldest detrital 
zircons (~122 Ma) and the oldest ages for recrystallization of zircon in the amphibolite 
unit (~115 Ma) (Grove et al., 2008).  Secondly, the adjacent, subduction related, 
Peninsular Ranges batholith to the east of Catalina began forming as early as 140 Ma, 
meaning an existing subduction zone in the region would have initiated much earlier than 
the metamorphism of Catalina amphibolites (Grove et al., 2008).  That subduction zone 
would have cooled below the temperature required to form amphibolites by the time they 
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formed at ~115 Ma (Grove et al., 2008).  Grove and others instead proposed that the high 
temperatures required to form the amphibolites was supplied when the forearc basin of 
the older subduction zone compressed and parts of it underthrust the magmatic arc of the 
Peninsular Ranges batholith (Fig. 2; Grove et al., 2008). The lowest grade materials, the 
lawsonite-blueschist and lawsonite-albite formations, formed much later (~95 M.a.) in 
thermal conditions consistent with a subduction zone and were then juxtaposed with the 
rest of the Catalina complex after the intervening sediments were removed by subduction 
erosion (Grove et al., 2008).  
 
Updated P-T estimates for the Catalina Schist can potentially improve the accuracy of 
these earlier data and can and provide additional insights into the mechanisms implied by 
the tectonic models.  Additional constraints on peak P-T estimates using modern 
thermobarometric methods will help evaluate whether the models propose reasonable 
scenarios to obtain the necessary P-T conditions for metamorphism. New P-T paths will 




Figure 2.  Tectonic Model for the formation of the Catalina Schist proposed by Grove et al. (2008). (A) 
Describes the Early Cretaceous convergent margin associated with the Peninsular Ranges Batholith. (B) 
Forearc basin underthrusts the Peninsular Range Batholith and metamorphoses forming the Amphibolite 
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unit. (C) Further underthrusting results in the metamorphism of the epidote-amphibolite unit. (D) 
Lawsonite-blueschist and lower grade units are accreted onto the other units of the Catalina Schist. (E) 
Laramide flat subduction erodes the roots of the Peninsular Ranges batholith resulting in exhumation of the 
Catalina Schist. Figure from Grove et al. (2008). 
 
 
History of Thermobarometry 
The study of thermobarometry aims to identify the pressure and temperature conditions at 
which a certain rock formed based on its mineral assemblage and mineral compositions. 
Mineral assemblage depends on the temperature, pressure and bulk rock composition. 
Thermodynamic parameters, such as enthalpy, entropy, and molar volume have been 
calculated based on petrologic and calorimetric experimental data (e.g., de Capitani and 
Petrakakis, 2010;Powell and Holland, 2008). From these parameters balanced mineral 
reactions are written and the loci of reaction curves are calculated in P-T space. A 
combination of reactions that act as thermometers and barometers are needed to constrain 
the pressure and temperature conditions of metamorphism of a rock.  Reactions in which 
substantial volume changes occur have shallow slopes in P-T space and are considered 
good barometers, while cation partitioning reactions between two mineral phases are 
dominated by changes in entropy and are thus more temperature dependent, making good 
thermometers.   
Some methods of estimating temperature and pressure of metamorphic rock formation 
such as index minerals do not consider mineral composition and are based on mineral 
stability in rocks of a generalized composition. This is complicated in real rocks by the 
fact that solid solution in minerals effects what is thermodynamically stable and different 
compositions have different limiting reagents for what reactions can occur. “Classical” 
Thermobarometry constructs phase diagrams based on equilibrium reactions and only 
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considers mineral phases specific to these reactions. The entire mineral assemblage and 
bulk composition are not included in a “classical” P-T estimate. 
 
Thermobarometry of metamorphic rocks is an important tool in evaluating tectonic 
histories of a rock unit. Tectonic mechanisms need to be consistent with the P-T data 
available and with the observed structure. At its best, thermobarometric analysis provides 
a complete pressure temperature (P-T) path for a rock. More often, complete P-T paths 
are not accessible for most samples. Some samples will not provide useful information 
while others may only provide a peak P-T or and incomplete P-T path. On Catalina, the 
two existing tectonic models (Platt, 1975; Grove et al., 2008) rely on peak P-T conditions 
calculated before many of the advances now standard in the field of thermobarometry. 
Larger more robust datasets and greater computational power now exist to make better P-
T estimates and describe parts of the P-T paths of these rocks.. 
 
Modern thermobarometry relies on internally consistent thermodynamic databases to help 
standardize the sets of thermodynamic data used in these calculations. Internally 
consistent databases combine the results of many experiments to determine the reaction 
curves of different phases (Powell and Holland, 2008). They statistically weight the value 
of each result by its margins of error and consistency with other results (Powell and 
Holland, 2008). The benefit of this is that outlying data do not skew the databases. While 
these databases provide consistent results, it is hard to evaluate their accuracy compared 
to external sources, although different databases produce similar results (de Capitani and 
Petrakakis, 2010). It is also important to note that the datasets currently available 
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considerably reduce the complexity of the natural systems of metamorphic rocks (de 
Capitani and Petrakakis, 2010). This will improve as researchers produce more 
experimental data and methods are refined, but at their heart, these calculations are 
models (de Capitani and Petrakakis, 2010). As with any model, they are simplified 
versions of the real world, but they have the capacity to provide a great deal of insight 
into the real world as long as one is aware of their limits and applications (de Capitani 
and Petrakakis, 2010).  
 
The creation of internally consistent databases made it possible to create phase diagrams 
specific to a rock’s bulk composition, modeling only mineral phases and reactions that 
can form from that specific rock chemistry (Powell and Holland, 2008). These 
composition specific diagrams are called equilibrium assemblage diagrams (EAD) also 
known as pseudosections (de Capitani and Petrakakis, 2010; Powell and Holland, 2008). 
Classical thermobarometric techniques use mineral compositions and reaction curves for 
balanced mineral reactions to constrain temperature and pressure (Powell and Holland, 
2008). EADs now allow geologists to use the bulk rock chemical composition as an 
additional constraint on the range of mineral reactions considered in P–T calculations 
(Powell and Holland, 2008). EADs thus have the power to extract pressure and 
temperature estimates in some situations where conventional thermometers and 
barometers are not available. The garnet amphibolites on Catalina are rare in the fact that 
many blocks lack visible plagioclase. This means that there are no conventional 
barometers available for these rocks. EADs can model the stability fields of mineral 
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assemblages in these rocks and provide not only peak P-T bounds but can also interpret a 
P-T path from textures observed in the sample. 
 
In order to extract viable P-T information from a metamorphic rock, the minerals used in 
the thermobarometric calculations must have formed in equilibrium with one another at 
some point on the P-T path. In “classical” thermobarometry, the mineral compositions 
need to be in equilibrium so that the activities in the balanced mineral reactions are 
correct. In EAD modeling, the whole rock must be in equilibrium. Thus, if a bulk 
composition reflects the observed equilibrium assemblage of minerals, the rock can be 
modeled with an EAD to determine peak conditions or a P-T path that reflects the 
assemblage and textures. Mineral compositions are an important check on the accuracy of 
a model but not essential in creating the EAD (Powell and Holland, 2008).  
 
Determining whether the bulk rock composition has changed since peak metamorphism 
is a particular concern for rocks affected by metasomatism, such as those from Catalina 
(e.g. Bebout 1989). The first step in determining whether the current bulk rock chemical 
composition reflects what is was during peak metamorphism is to look at mineral textures 
and see if they support equilibrium.  Beyond textural analysis, oxygen isotope ratios of 
minerals within the sample can be used as a quantitative test of disequilibrium. If oxygen 
isotope ratios indicate disequilibrium between minerals then the rock cannot be modeled. 
If a comparison of ratios between minerals suggests equilibrium then it is likely that the 
minerals equilibrated after metasomatism. 
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On Catalina, clinopyroxene bearing blocks are likely to have the best records of the 
amphibolite unit’s P-T path, because they are the least metasomatically altered blocks 
(Sorensen and Grossman, 1989). Sorensen and Grossman (1989) found evidence in 
garnet and whole rock trace element analyses that most of the large mafic blocks in the 
amphibolite unit were derived from the same protolith. They hypothesized that this 
protolith was a tholeiitic ferro-basalt, which had experienced partial melting and 
extraction of a 20% albite component. Their analysis showed the clinopyroxene blocks 
were the least metasomatically altered of the unit so they will most likely provide the best 
picture of the equilibrated whole rock composition at the time of peak P-T.  Petrographic 
observations as well as stable oxygen isotope analysis are necessary to further determine 
if the clinopyroxene bearing blocks are reliable records of whole rock chemistry at the 















             
Figure 3. Map of Santa Catalina Island with sample locations. 
 
Samples from garnet bearing blocks were collected across the amphibolite and epidote 
amphibolite units. Samples were chosen from two clinopyroxene bearing blocks (H121A, 
12C-3) and one epidote amphibolite boulder (H2717A1). Sample H121A is from a large 
block near the airport (Fig. 4) previously studied by Sorensen & Barton (1987), Sorensen 
(1988), and Sorensen and Grossman (1989). The sample H121A was collected 
specifically because it had clinopyroxene visible in hand sample. Sample 12C-3 is from a 
block in Cottonwood canyon (Fig. 5). The block was sampled because large amounts of 
clinopyroxene were visible in hand sample. Sample H2717A1 is from a boulder in Ollas 
Valley it is a contact between layers of fine grained (.2 cm) and large (1cm) garnet 
hornblendite (Fig. 6). The boulder was sampled because the contact between grain sizes 
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was unusual for blocks observed on Catalina, and the fine-grained section had an 
abnormal abundance of garnet. 
 
Figure 4. Clinopyroxene bearing garnet hornblendite in the Amphibolite unit from which sample H121A 




Figure 5. Clinopyroxene bearing block in the amphibolite unit in Cottonwood Canyon from which sample 
12C-3 was collected. Photo credit Zeb Page. 
 
 
Figure 6. Epidote Amphibolite boulder of Sample H2717A1 in Ollas Valley. 
 
Analytical Methods 
I chose three samples where from the amphibolite unit based on their having equant 
hedral crystals with little to no chlorite alteration.  I performed petrography using optical 
microscopy and the Scanning Electron Microscope/Energy Dispersive X-Ray 
Spectrometer (SEM/ EDS) at Oberlin College.  F. Zeb Page and I quantitatively analyzed 
garnet, hornblende and clinopyroxene using the Cameca SX100 Electron Microprobe at 
the University of Michigan. Minerals were analyzed with a 15 kV, 10 nA point beam, and 
natural and synthetic silicate standards were used.  Ferric iron estimates for amphiboles 
were made in accordance with the methods described in Hawthorne et al. (2012).  F. Zeb 
Page analyzed approximately 2 mg samples of pure garnet, hornblende, and 
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clinopyroxene for their oxygen isotope ratios by laser fluorination at the University of 
Wisconsin-Madison.  Major and trace element analyses of whole rock samples were 
analyzed at Franklin and Marshall College using X-ray Fluorescence Spectrometry. 
 
I created equilibrium assemblage diagrams (EAD) using Theriak Domino (de Capitani 
and Petrakakis, 2010) and Holland and Powell’s Thermocalc database updated in 2003 
(version 5.5).  Models were run in the system NCFMASHTO (Na, Ca, Fe, Mg, Al, Si, H, 
Ti, O), ignoring minor amounts of K and Mn in the bulk composition.  Because of the 
substantial phosphorus content (present mostly as apatite) in some samples, sufficient 
CaO to form apatite was sequestered from the modeled bulk composition.  The solution 
models used were garnet (White et al., 2007), clinopyroxene (Green et al., 2007), 
clinoamphibole (Diener et al., 2007), epidote (Holland & Powell, 1998), chlorite 
(Holland et al., 1998), plagioclase (Holland & Powell, 2003), magnetite (White et al., 
2002), ilmentite and hematite (White et al., 2000), olivine (ideal), and liquid melt (White 
et al., 2007).  Estimates of ferric iron in bulk composition are a complicating factor in the 
development of EADs and of all thermobarometry in metamafic rocks.  EADs were 
calculated in the range of 1 to 12% ferric iron of total iron to determine their effects on 
the system. Because of widespread evidence of high-flux fluid flow throughout the 





WHOLE ROCK GEOCHEMISTRY 
Major element bulk composition shows that, relative to MORB, samples are enriched in 
TiO2 and Fe2O3, but are relatively depleted in SiO2 and Na2O (Table 1.). Bulk rock 
chemistry of sample H121A is consistent with analyses of the same block (HGB) in 
Sorensen and Grossman (1989) with the exception of SiO2. Sorensen and Grossman 
report SiO2 of 46.1 wt%, where as this study reports 41.57 wt%. Sorensen and Grossman 
(1989) attribute slight variation in major and trace elements in the analyses of HGB 
(H121A) to heterogeneity within the block. They only report one measurement of SiO2 
for the block out of their multiple analyses and variation in analyses of other elements is 
great enough to account for the discrepancy between the studies (Sorensen and 
Grossman, 1989). Therefore the difference in SiO2 measurements is likely due to similar 
heterogeneity of the block and may be due to low-SiO2 garnet-dense bands found in 
H121A. 
 
Table 1. Whole rock major element analyses in weight percent oxides of three garnet bearing 
blocks from the Catalina Amphibolite Unit.  
Specimen H121a H2717A2 12C-3 MORB* Skaergaard** 
SiO2 41.57 35.76 43.68 50.53 46.8 
TiO2 3.69 6.90 4.61 1.35 2.37 
Al2O3 13.19 15.30 10.17 14.88 15.2 
Fe2O3 20.09 17.57 15.41 10.44 17.7 
MnO 0.63 0.36 0.24 0.18 0.16 
MgO 7.71 6.14 8.45 8.22 5.8 
CaO 11.55 14.04 17.05 10.99 10 
Na2O 1.16 0.69 0.56 2.60 2.8 
K2O 0.14 0.18 0.06 0.34 0.33 
P2O5 0.44 3.20 0.13 0.13 0.28 
Total 100.17 100.14 100.36   
LOI 0.33 0.50 0.27   
Compositions for MORB and a Fe-Ti rich gabbro from the Skaergaard are included for comparison.  
XRF analyses preformed at Franklin and Marshal College for 3 samples covered in this study. 
*Sample 104 -16 of Sun and McDonough, 1989 
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** Composition of residual liquid from the Skaergaard layered mafic intrusion at 76% solidification 
(Wager, 1960). 




PETROGRAPHY AND MINERAL COMPOSITION 
FIGURE 7. Thin section image of sample H121A produced on a flatbed scanner.  (1) Layers of small 
euhedral garnets (~0.3 mm) grown with clinopyroxene and accessory minerals such as ilmenite. (2) Layers 
containing coarser (~1 mm) garnet, clinopyroxene, and hornblende. Plagioclase coronas exist around 
garnets surrounded by hornblende in these layers. 
 
Sample H121A is from a large mafic block located near the airport (33.408441 ˚N, 
118.419343 ˚W) previously studied by Sorensen & Barton (1987), Sorensen (1988), and 
Sorensen and Grossman (1989).  It consists of fine-grained garnet, hornblende, and 
clinopyroxene crystals with accessory minerals of ilmenite, rutile, sphene, apatite and 
zircon (Fig. 7).  Plagioclase coronas exist around some garnets.  Two distinct layers of 
mineral assemblages exist.  One is comprised of small euhedral garnets (~0.3 mm) 
intergrown with clinopyroxene and accessory minerals (Fig. 8a).  Garnets make up 
approximately 80% of the mode of these regions.  The other layer consists of coarser 
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crystals of garnets (~1 mm), clinopyroxene and hornblende (Fig. 8b).  Between many of 
the contacts of garnet and hornblende in these layers there are plagioclase coronas. The 
plagioclase ranges in composition from 75 to 80 mole% albite.  Many of the rutile and 
ilmenite crystals are intergrown and have sphene rims (Fig. 8c).  Occasionally, thin bands 
of hornblende are found surrounding garnets between clinopyroxene crystals; seen in 
Figure 8d. 
 
Figure 8. Photomicrographs of sample H121A.  (a) Layer of fine, densely packed garnets and 
clinopyroxene.  (b) Contact between coarser grained hornblende rich layer (left) and fine garnet 
clinopyroxene layer (right).  Plagioclase coronas grow between large garnets and hornblende in the coarser 
layers.  (c) Intergrown ilmenite and rutile crystals surrounded by sphene rim.  (d) Thin band of hornblende 
surrounding garnet and plagioclase between clinopyroxene.  
 
Garnets from all samples range from 54-60% almandine, 23-30% grossular, 10-15% 
pyrope, and 1-7% spessartine (Fig. 9).  The cores contain dense clouds of fine inclusions 
(~10 µm), dominantly sphene.  
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Garnets in sample H121A are slightly zoned in manganese, calcium, magnesium and 
iron.  The cores are enriched in manganese and calcium, and the rims are richer in iron 
and magnesium. Zoning is observed in individual phenocrysts, but variation is within 
general variation between other garnets so we don’t observe to significant trends of 
zoning in Figure 9. Sphene and rutile are present as larger inclusions; less common are 
inclusions of quartz and plagioclase.  
 
Figure 9. Composition of garnet cores and rims for 3 samples expressed on an almandine (alm) + 
spessartine (spes), pyrope (py), grossular (gr) ternary diagram.  Note similar compositions between garnets 
in clinopyroxene bearing blocks (H121A, 12C-3) and garnet hornblendite (H2717A1), as well as the lack of 
general compositional zoning between cores and rims. 
 
Clinopyroxenes are dominantly diopside-hedenbergite with less than 9 mole% jadeite and 
8 mole% acmite.  There is slight compositional zoning in Na, Fe2+ and Fe3+.  The cores 






Table 2.  Representative clinopyroxene compositions reported in weight percent oxides and mol 












SiO2 52.375 53.0735 52.0965 52.1656 
TiO2 0.0977 0.0657 0.0984 0.0726 
Al2O3 3.1559 2.7856 1.8619 1.6275 
FeO 9.6308 8.8001 8.9983 8.4842 
MnO 0.1538 0.0532 0.0666 0.0675 
MgO 11.6303 11.825 12.6093 12.97 
CaO 21.3011 21.1085 22.8075 23.0576 
Na2O 1.5121 1.9293 0.7934 0.6604 
K2O -0.0105 0.0029 0.0209 0.0329 
Cl -0.0127 -0.0085 0.0053 -0.0042 
Total 99.83 99.64 99.36 99.13 
          
X(Jd) 4.40% 6.40% 0.00% 0.00% 
X(Ac) 6.40% 7.50% 6.60% 6.10% 
Wo 40.10% 40.50% 43.50% 44.30% 
En 32.30% 32.70% 35.20% 36.30% 




Amphibole in H121A is classified as magnesio-hornblende in the classification scheme 
of Hawthorne et al. (2012); the rims are richer in aluminum and sodium with respect to 




Figure 10. Composition of calic-amphiboles under the Hawthorne et al. (2012) classification scheme. The 
x-axis shows the sum of Al, Fe3+ and 2xTi in the C sites (M1, M2, M3) of the amphibole in terms of atoms 
per formula unit. The y-axis shows the sum of Na and K in the A site of the amphibole in terms of atoms 
per formula unit. Most amphiboles are classified as magnesio-hornblende. Magnesio-hornblendes in 
clinopyroxene bearing blocks (H121A, 12C-3) tend to have lower amounts of aluminum in their C sites 
compared to the garnet hornblendite sample (H2717A1).  In sample 12C-3 amphibole inclusions in garnet 
are classified as sadanagaite due to their high aluminum content in the C sites as well as high sodium 
content of their A site. 
 
Figure 11. Thin section image of sample 12C-3 produced on a flatbed scanner.  This region of the sample 
has an assemblage of dominantly garnet and clinopyroxene with bands richer in hornblende.  Sphene is 
abundant in the sample as well but is indistinguishable at this scale. 
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Sample 12C-3 is from a garnet pyroxenite block in Cottonwood Canyon (33.395698 ˚N, 
118.414577 ˚W).  Fine- to medium-grained equigranular garnets and clinopyroxenes are 
found with millimeter to centimeter scale bands containing more hornblende (Fig. 11). 
Hornblende in this sample is classified as magnesio-hornblende using the classification 
scheme of Hawthorne et al. (2012).  Sphene is abundant, and there are small amounts of 
ilmenite, but rutile is rare.  Garnets range in size from 0.2 to 2 mm and contain inclusions 
of sadanagaite, quartz, and plagioclase that is ~70 mole % albite. In garnets, there is 
slight iron zoning with the rims being richer in iron.  Clinopyroxenes are diopside-
hedenbergite with less than 8 mole% acmite, and no jadeite component.  Magnesio-
hornblende is zoned with the rims enriched in Al and Na.  Inclusions of amphibole in 
garnet are enriched in Al and Na compared to other amphiboles and are classified as 
sadanagaite (Hawthorne et al. 2012).  
 
Figure 12. Thin section image of sample H2717A1 produced on a flatbed scanner. Assemblage is of fine 
(0.2-1mm) equigranular garnets and hornblendes and rutile. Sample is rich in apatite and sphene with lesser 
amounts of quartz, epidote and trace amounts of zircon. 
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Sample H27171A1 is from a loose garnet hornblendite boulder in Ollas Valley 
(33.422861˚N, 118.432725 ˚W), weathered from the same mélange as the two previous 
samples. The assemblage studied was of fine equigranular garnets and magnesio-
hornblendes (Fig. 12). Rutiles with sphene rims and apatite are abundant. Quartz, epidote, 
zircon and minor amounts of ilmenite are also found throughout the sample. Garnet cores 
are slightly enriched in iron. Garnet cores show regions of fine (~10 µm) dense inclusions 
mostly of sphene similar to other samples. Larger inclusions of rutile, sphene, quartz, and 
epidote are present as well as rare near pure albite plagioclase. Amphibole rims are 
enriched in aluminum. 
 
Oxygen Isotopes 
Table 3 shows the oxygen isotope values for all three samples. Most paired δ18O values 
are within 0.5‰ (Kohn and Valley, 1998a,b, c) suggesting equilibrium. 05C-5a-c and 
H121A show variability across the block in garnet and hornblende values. The values of 
05C-5a are not within 0.5‰ of each other but they are consistent with samples taken 
from other locations on the block. Further analysis or hornblende from sample H121A 
will be useful in resolving this discrepancy. Garnet and hornblende in sample H2717A1 
are 0.78 ‰ apart, suggesting possible disequilibrium and that this sample may not be fit 
for EAD analysis. Bebout and Barton (1989) described a fluid of 12-14‰ that altered 
many of the blocks across units in the Catalina Schist.  This fluid could not have 
produced garnet hornblende, and clinopyroxene δ18O as a low as 8-9 ‰  (Chacko et al. 
2001), suggesting that these blocks did not experience a single major metasomatic event 
and that the bulk composition largely reflects what it was during peak metamorphosis.  
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Table 3. Stable oxygen isotope analyses for garnet, clinopyroxene, and hornblende for blocks in 
the Catalina amphibolite unit.  δ18O represented in ‰.  
 Hornblende Garnet Clinopyroxene 
12C-3 8.17 8.09 8.21 
H121A 
(05C-5)   8.34 8.53 
05C-5a 8.67 7.94  
05C-5b 7.78 7.65  
05C-5c 7.87 8.06  
H2717A1 9.88 9.1  
Samples H121A and 05C-5 are from the same large clinopyroxene-bearing block.  Variation in δ18O 




An equilibrium assemblage diagram (EAD) was calculated for sample H121A, because it 
exhibited complex textural features as seen in Figure 8. These features suggest an order 
to the reactions that occurred between minerals in the assemblage.  The EAD for sample 
H121A shows several zones that are consistent with the mineral assemblage and textures 
observed in thin section. By combining the order of reactions interpreted from observed 
textures we can interpret a P-T path from the EAD. Numbered regions in Figure 13 
denote assemblages corresponding to different textural observations in H121A. Quartz is 
seen as a minor component in much of the EAD (~1-5% by volume), its presence in the 
mineral assemblage is recorded as inclusions in garnet.   In region 1, the assemblage of 
garnet, clinopyroxene, ilmenite, quartz and rutile matches the layers of sample H121A 
with small garnets and clinopyroxene illustrated in Figure 8a.  Region 2 corresponds to 
the layers containing hornblende, shown in Figure 8b, with its assemblage of garnet, 
clinopyroxene, hornblende, ilmenite, quartz and rutile. Intergrown rutile and ilmenite 
crystals, such as those in Figure 8c, are possibly explained by a transition from region 2 
to region 3, where rutile is not stable. Ilmenite may have continued to grow on existing 
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rutile after they were destabilized, or rutile may have begun to partially recrystallize into 
ilmenite. Plagioclase coronas between garnet and hornblende crystals, such as those in 
Figure 8d, are possible in region 4 where plagioclase stabilizes in the assemblage of 
garnet, clinopyroxene, hornblende, and quartz.  The loss of quartz between region 4 and 5 
could explain why quartz is found only as inclusions in garnet and not in the general 
assemblage within the sample. Sphene rims on rutile and ilmenite are likely a later 
retrograde overprint and possibly explain the decrease in calcium from the cores to the 
rims of the hornblendes and the lack of quartz in the sample.  
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Figure 13. Equilibrium assemblage diagram (EAD) for sample H121A calculated in the system 
NCFMASHTO. Water is in excess and ferric iron is 12% of total iron.  Proposed decompression path of 
sample shown by the arrow.  (1) Iron-rich tholeiite is emplaced to ~750 ˚C and 15 kbar where partial 
melting occurs and an assemblage of garnet, clinopyroxene, ilmenite, quartz and rutile forms.  (2) As 
decompression occurs, hornblende is stabilized.  (3) Rutile is no longer stable in the assemblage.  (4) 
Plagioclase stabilizes.  (5) Quartz destabilizes from the assemblage.  g: garnet, cpx: clinopyroxene, hb: 




The EAD supports peak conditions of metamorphism for the observed equilibrium 
mineral assemblage of ~675–750 ˚C and above 15 kbar. The EAD, along with textural 
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observations, implies that the assemblage changed as the sample followed a near 
isothermal decompression path. Clear supporting evidence for the general path can be 
seen in the concentric plagioclase and hornblende coronas around garnet (Figure 1d). As 
pressures decreased below 15 kbar, hornblende formed as a reaction between garnet, 
clinopyroxene and H2O. Once pressures fell below 10 kbar, plagioclase could have 
formed as a reaction between hornblende and garnet.  
 
Diener and others (2012) have proposed updated solution models for ferric iron bearing 
amphiboles and clinopyroxenes. These were not available for the Theriak Domino so I 
updated the code for the solution models of Diener et al. (2007) and Green et al. (2007) 
using the Diener et al (2012) paper and code written for Thermocalc. The EAD for 
sample H121A does not change significantly with the new solution models as seen in 
Figure 14. The two discrepancies of note are that the narrow locus of stability for 
tremolite at lower temperatures and the unusual amphibole phase in the bottom right 
corner of Figure 13, do not exist in EAD produced with the updated solution model (Fig. 
14). The general agreement between the EADS suggests that my conclusions from EADs 
produced using the 2007 solution models are valid in light of the refinements to the 




 Figure 14. Equilibrium assemblage diagram (EAD) for sample H121A calculated in the system 
NCFMASHTO using solution models proposed in Diener et al (2012). Water is in excess and ferric iron is 
12% of total iron. Similar to Figure 13 produced with Diener et al (2007) and Green (2007) solution models 
for clinoamphibole and clinopyroxene respectively. Notable differences are that only one amphibole phase 
is stable in the top left and bottom right corners of this EAD.  
 
The ratio of ferric iron to the total amount of iron, also known as the oxidation ratio, 
constrains significant factors of the assemblage shown in the EAD based on the amount 
of ferric iron available in the system (Boger et al. 2012). Calculating the oxidation ratio 
from the bulk composition is difficult, because it is unclear whether current 
measurements reflect the ratio as it was during metamorphism. Most of the calculations 
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done in this study assume an oxidation ratio of 12%, consistent with wet analyses of 
MORB (e.g. Schilling et al. 1983). The stability fields of several assemblages along the 
decompression path are stable over a wide range of oxidation ratios from roughly 0% to 
25% (Fig. 15). As the ratio increases, the loci of reactions move to higher temperatures. 
In Figure 13, the loci of the reaction in-curve for epidote was calculated at ~670˚ C with 
an oxidation ratio of 12%. As the oxidation ratio approaches 25% the loci of the reaction 
in-curve for epidote curve stabilizes at ~725˚ instead (Fig. 15). An oxidation ratio of 
12%, as used in calculations of EADS for Sample H121A, falls between the limits of the 




Figure  14.  Binary equilibrium assemblage diagram of pressure and varying oxidation ratios [Fe3+/(Fe2+ + 
Fe3+)] for sample H121A.  Temperature is fixed at 725 ˚C.  Note that assemblages seen between ~ 0% 
oxidation ratio and ~25% oxidation ratio are the same as in the decompression path shown in Figure 13.  As 
ferric iron content increases from 12% seen in Figure 13 to 25% in this EAD, stability of epidote bearing 
assemblages grows larger and move from ~670 ˚C to 725˚C. An oxidation ratio of 12% was chosen for the 
EAD of sample H121A because it is roughly in the middle of this range and is consistent with the oxidation 
ratio of typical MORB analyses. Bolded assemblages correspond to assemblages on the P-T path proposed 







Cation Exchange Thermometers 
I used Ravna’s (2000 a, b) Garnet-Hornblende and Garnet-Clinopyroxene thermometers 
to calculate temperatures for my samples in order to compare my estimates from EAD 
analyses.  Table 4 shows the results of the thermometry. No significant difference exists 
between core and rim temperatures in either thermometer. There is however a significant 
difference between the garnet-clinopyroxene and garnet-hornblende thermometers with 
the exception of the core-to-core temperatures of sample 12C-3.  
 
 
Table 4. Results of garnet-hornblende and garnet-clinopyroxene thermometry.  
 
 H121A 12C-3 H2717A1 
Garnet- Hornblende 
Thermometer Rim Core Rim Core Rim Core 
Mean Temperature (˚C) 432 375 482 473 491 511 
Standard Deviation 35 31 10 50 8 14 
Standard Error 16 14 4 23 4 6 
       
  H121A 12C-3  
Garnet - Clinopyroxene 
Thermometer Rim Core Rim Core   
Mean Temperature (˚C) 544 535 528 512   
Standard Deviation 16 32 18 5   





Sample H121A provides one of the clearest records of the thermobarometric history of 
the Catalina amphibolite unit available to date. Complex but intact textures allow for 
interpretation of a near isothermal decompression path starting at ~ 675 - 750 ˚C and 
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above 15 kbar to 7 kbar from equilibrium assemblage diagrams. As shown in Sorensen 
and Grossman (1989) the clinopyroxene bearing blocks exhibit the least metasomatic 
alteration of blocks in the unit. This suggests that they are likely to have a whole rock 
chemical composition closest to what it was during peak metamorphism.  
 
Determining the equilibrium assemblage of a sample is essential for thermometry.  
Textural observations of minerals are key to determining which minerals were present at 
various stages of metamorphism, but these are only qualitative.  Oxygen isotope analysis 
can be an important quantitative discriminant for equilibrium.  While it cannot prove that 
current mineral composition is in equilibrium it can definitively establish disequilibrium.  
In plagioclase-free mafic rocks, garnet-pyroxene and hornblende are predicted to 
fractionate oxygen isotopes by less than 0.5‰ (Kohn and Valley, 1998a,b,c) By the 
standards of oxygen isotope analysis, garnet hornblende and pyroxene in these samples 
appear to be equilibrated. Textural analysis suggests equilibrium between garnet, 
clinopyroxene, ilmenite, and rutile. Corona textures of hornblende and plagioclase 
observed in Figure 8b suggest they grew after the general assemblage. Since these rocks 
have likely experienced significant metasomatism and have been hypothesized to be the 
residues of partial melting, the whole rock geochemistry used in creating this model is 
only representative of post-metasomatic histories of these rocks.  
 
Oxygen isotope analysis also suggests that the blocks could not have experienced the 
large-scale metasomatic fluid described in Bebout and Barton (1989). Bebout and Barton 
(1989) present evidence for a fluid with δ18O of 12-14‰. This fluid could not have 
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produced garnet hornblende, and clinopyroxene δ18O as a low as 8-9 ‰  (Chacko et al. 
2001). This supports the claim that bulk rock composition did not change significantly 
after metamorphic equilibration. 
 
The interpretation of the EAD involving a peak temperature between 650 and 750 ˚C and 
a decompression path starting around 15 kbar fits well with the temperature estimates of 
Sorensen and Barton (1987), but suggests slightly higher pressures (Fig. 13).  Sorensen 
(1988) argued that the composition of the clinopyroxene bearing blocks resulted from 
partial melting and extraction of an albite component out of tholeiitic basalts.  To test this 
theory an EAD for a MORB tholeiite composition (sample 104 -16 of Sun and 
McDonough, 1989) was calculated.  The P-T locus of melt-in reactions for sample 
H121A is overlain on the EAD for this possible protolith (Fig. 16).  The MORB melt 
solidus intersects the peak assemblage of H121A (g + cpx + ilm + q + ru) showing that 
partial melt of MORB was possible under the range of peak P-T for the sample. If partial 
melting and melt extraction is responsible for composition of sample H121A then the P-T 
path is constrained to regions above the MORB solidus and below the H121A solidus. 
The solidus of sample H121A is at higher temperatures relative to the MORB 
composition, suggesting that melt extraction pushed the temperatures of melt formation 
higher as components were removed. The composition of the initial melt in equilibrium 
with MORB at peak conditions is around 75% albite, 20% silica, and 5% anorthite, which 
resembles the albite component Sorensen (1988) says was removed from the 
clinopyroxene bearing blocks. Additional evidence for partial melting are the migmatitic 
blocks described by Sorensen (1988). These observations are strongly indicative that this 
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block experienced partial melting and extraction of an albite rich melt during 
metamorphism at around 750 ˚C and 15 kbar. 
Figure 16. Equilibrium assemblage diagram (EAD) for a Mid-Ocean-Ridge-Basalt (MORB) composition 
(sample 104 -16 of Sun and McDonough, 1989) , with the locus of melt-in reactions (solidus) for sample 
H121A overlain.  Red lines are Solidi.  The solid line is for MORB compositions (sample 104 -16 of Sun 
and McDonough, 1989), and the dashed line is the solidus for sample H121A.  Note that the solidus of 
sample H121A is at higher temperatures than for MORB, suggesting that an extraction of an albite rich 
partial melt from rocks of MORB composition may have been the origin of the sample H121A. EAD for 





While partial melting of a protolith to produce a restite appears plausible as a history of 
the clinopyroxene bearing rocks, a typical MORB tholeiite does not produce a restite with 
high enough iron or titanium to explain the abundant rutile and ilmenite of these samples 
(Sorensen & Grossman, 1989). Also, the peak assemblage observed in the EAD of 
H121A (g + cpx + ilm + q +/- hb +/- ru) does not compare perfectly to the melt 
containing assemblages at similar P-T in the Sun and McDonough (1989) MORB EAD 
(g + cpx + zo + q +/- hb + ru + melt). This does not necessarily mean that the assemblage 
could not form, because the model does not account for removal of melt. Further re-
equilibration may occur after melt removal but this discrepancy is suspect. 
 
To further test the whether a typical MORB could have been the protolith, a 
reconstructed protolith was calculated by adding an idealized melt to the sample’s bulk 
composition. The composition of the melt was generalized from melt calculated in the 
MORB EAD around the peak P-T determined for H121A. It has a composition of 75% 
albite, 20% silica, and 5% anorthite. As seen in Table 4, when 30 mol% melt is added to 
H121A to provide a Si mol content near to the Sun and McDonough (1989) MORB, the 
composition normalized to 1000 moles does not match well. The added melt does not 
dilute the concentration of Ti to within a reasonable range and Na concentration is now 











Table 4. Comparison of sample H121A and MORB composition with a reconstructed protolith 
composition of H121A with the addition of 33% melt. Melt composition is 75% albite, 20% 
silica, and 5% anorthite.  Reported in moles normalizes to 1000. 





Si  414 477 478 -0.2% 
Ti 28 10 18 -91.3% 
Al 155 166 171 -3.0% 
Mg 114 116 76 34.3% 
Ca 117 110 82 25.4% 
Na 22 48 75 -56.9% 
Fe2+ 150 74 100 -34.8% 
Total 1000 1000 1000  
*Sample 104 -16 of Sun and McDonough, 1989 
 
 
The protolith must have been more concentrated in iron and titanium than a typical 
MORB tholeiite: possibly a ferro-basalt or an iron rich gabbro. To test this assumption an 
EAD was calculated for residual liquid from the Skaergaard layered mafic intrusion at 
76% solidification (Wager, 1960).  This composition is enriched in both Ti and Al but 
relatively low in Si compared to MORB suggesting it may produce an assemblage closer 
to what is observed in sample H121A. The assemblages found in H121A (g + cpx + ilm + 
q +/- hb +/- ru) and the Skaergaard (g + cpx + ilm + q +/- hb +/- ru + melt) overlap 
significantly on the P-T path calculated in the EAD for H121A as seen in Figure 17. This 
is suggestive that this composition of the Skaergaard is more similar to the protolith of 
the clinopyroxene bearing blocks but is not definitive. The model does not account for 
the extraction of melt, so the Skaergaard assemblage could have changed due to 
recrystallization after extraction.  
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Figure 17. Equilibrium assemblage diagram (EAD) for the composition of residual liquid of the Skaergaard 
layered mafic intrusion at 76% solidification (Wager, 1960), with the locus of melt-in reactions (solidus) 
for sample H121A overlain.  Red lines are Solidi.  The solid line is for the Skaergaard composition, and the 
dashed line is the solidus for sample H121A. Note that the solidus of sample H121A is at higher 
temperatures than for this composition of the Skaergaard, suggesting that an extraction of an albite rich 
partial melt from rocks of a Fe-Ti rich gabbro is a possible mechanism for obtaining the composition of 
sample H121A.  Numbered regions correspond to the numbered assemblages in Figure 13. These 
assemblages are the same except in this figure they have the addition of melt. EAD for MORB composition 
calculated in the system NCFMASHTO. Water is in excess and ferric iron is 12% of total iron. 
 
 
To further test whether the protolith of the clinopyroxene bearing blocks could have been 
from a Fe-Ti rich gabbro, a reconstructed protolith was calculated to match the Si content 
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of residual liquid from the Skaergaard layered mafic intrusion at 76% solidification 
(Wager, 1960).  The generalized melt composition near the peak P-T of H121A for this 
Skaergaard composition was calculated and added to H121A. The composition of melt 
predicted by the Skaergaard EAD was 80% albite, 15% silica, and 5% anorthite. Table 5 
shows that this reconstructed composition very nearly matches the Skaergaard although 
the titanium content is still slightly too high, but is much closer than the comparison with 
the MORB. This reconstructed composition and the comparison of assemblages between 
the two EADs indicates that the protolith for the clinopyroxene bearing blocks was likely 
an evolved gabbro enriched in Fe and Ti by magmatic fractionation.  
Table 5.  Comparison of sample H121A and a Fe-Ti rich Gabbro composition from the 
Skaergaard layered mafic intrusion with a reconstructed protolith composition of H121A with the 
addition of 19% melt. Melt composition is 80% albite, 15% silica, and 5% anorthite.  Reported in 
moles normalizes to 1000. 





Si 414 449 449 0.1% 
Ti 28 17 22 -31.4% 
Al 155 172 164 4.6% 
Mg 114 83 93 -12.2% 
Ca 117 99 97 1.7% 
Na 22 52 52 0.1% 
Fe2+ 150 128 122 4.2% 
Total 1000 1000 1000  
* Composition of residual liquid from the Skaergaard layered mafic intrusion at 76% solidification (Wager, 
1960). 
 
EAD modeling of sample H121A largely supports Sorensen and Barton’s (1987, 1988) 
conclusion of that an albite rich melt component about 20% of the molar composition of 
the sample was removed from the protolith before the mineral assemblage equilibrated. It 
does not, however, support that this protolith was a typical MORB composition. Instead, 





Sorensen and Barton (1987) proposed that textures observed in Figure 8d, where garnet 
crystals are surrounded by plagioclase and hornblende coronas between larger 
clinopyroxenes, could be explained by a reaction of garnet + clinopyroxene + H2O = 
hornblende + plagioclase.  The EAD shows these coronas did not form in a single 
reaction but at separate points along the decompression path (Fig. 13).  As pressures fell 
below 15 kbar, hornblende could have formed as a reaction between clinopyroxene, 
garnet and water (Fig. 8d).  Then after decompression to below 10 kbar hornblende and 
garnet reacted to form plagioclase (Fig. 8d). The separate reaction hypothesis better 
describes the concentric corona textures observed than hornblende and plagioclase 
forming at the same time. 
 
Cation-exchange thermometers record significantly lower temperatures than observed in 
the EADs. Preliminary work with mineral compositions calculated in Theriak suggests 
observed garnet compositions match closer with calculated compositions in the 
temperature range given by the garnet-clinopyroxene thermometers (510-550˚C) than the 
peak P-T calculated interpreted from the EAD (~725˚C).  Theriak also shows 
Clinopyroxene compositions are deficient in Na compared to clinopyroxene in the high-
pressure range predicted by the EAD. Future work comparing isopleths for each end-
member of each mineral is required to describe the possible P-T regions where calculated 
mineral compositions best match observed compositions. While we cannot draw 
definitive conclusions from mineral calculations generated by Theriak and those observed 
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in this sample at this moment, it appears that there is possible disequilibrium between 
minerals in the sample. This does not necessarily mean that the bulk composition does 
not reflect what it was when the minerals grew together. Preliminary work comparing 
compositions of garnet and clinopyroxene suggest the hornblende could have formed just 
as a reaction between garnet and clinopyroxene with the addition of water. This would 
further support that the bulk composition of the rock changed little between the time the 
garnet and clinopyroxene formed and when the hornblende formed.  
 
While further research is necessary to explain compositional discrepancies the general 
peak of metamorphism and decompression path are still improvements over previous 
estimates. Textural evidence from sample H121A matches closely with the reactions 
from the decompression path interpreted from the EAD (Fig. 13) suggesting those 
reactions will continue to be important in future refinements to the EADs. This and 
previous research support the conclusion that these samples are residua from partial 
melting. Reconstruction of the sample’s protolith also constrains the peak of 
metamorphism in the narrow temperature range between the solidus of a Fe-Ti-rich 
gabbro and the solidus of sample H121A. The higher pressure proposed by this study is 
also unlikely to change due to future refinements to the EADs. The presence of rutile 
adds a minimum pressure for the peak of metamorphism.  Rutile does not stabilize at 
pressures below 14 kbar within 50 ˚C above or below 700 ˚C in either the Skaergaard or 
H121A EAD (Fig. 13 & 16).   
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For future refinements to the models I would like to explore the possibility that 
compositional deviations of the EAD from the observed mineral compositions can be 
explained by early garnet growth. One hypothesis I would like to explore is that the 
garnets grew before partial melt near 550˚ C as suggested by the garnet-clinopyroxene 
thermometers. In this hypothesis the garnets grew first, then the block was emplaced to 
higher temperatures where partial melt formed and was extracted, then the peak 
assemblage formed. To test this hypothesis I can do several things. First I can use 
lutetium-hafnium dating to see if garnets grew before the 115 Ma zircon date (Grove et 
al., 2008). If dates of garnet growth are at the same time as the zircon dates it will not 
necessarily rule out this hypothesis because the garnets and the zircons could have 
formed at the same time before partial melting. To thoroughly model the mineral 
compositions in this hypothesis I would like to start with a composition similar to the 
Skaergaard composition used in Figure 17, then recalculate the bulk composition 
removing most of the garnet under the assumption that only garnet rims react with the 
rest of the bulk composition. I could see where the solidus of this an EAD calculated with 
this composition is and compare it with the one calculated already for sample H121A. I 
could then remove an albite rich melt from this composition and see if the resulting 
mineral compositions reflects what I observe in my sample. 
 
 
Current results suggest a clockwise P-T path with near isothermal decompression. 
Clockwise P-T paths often indicate crustal thickening followed by exhumation typically 
controlled by extensional tectonics. (Jones & Escher, 2002) P-T paths with steep slopes 
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are generally interpreted as periods of rapid exhumation because pressure is reduced 
faster than cooling occurs in a typical geotherm (Jones & Escher, 2002). We can assume 
that the majority of pressure on these rocks was due to overburden based on Heim’s rule. 
A simple calculation based on average crustal density gives an estimate that these 
samples were emplaced to a minimum depth of 50 km (3.3km/kbar).  This is deeper than 
previous estimates. Platt’s (1975) estimate placed the amphibolites in a range of 28- 
41km (8.5 -12.5 kbar) and Sorensen and Barton (1987) constrained the depth between 28 
and 36 km. This study places the maximum depth a minimum of 9 km greater than 
previously estimates.  This depth is not incongruent with Grove and other’s general 
model (2008). It does however suggest that greater depths should be considered in that 
model. The tectonic models also need to account for the isothermal decompression. It 
seems likely that the models will need to include some form of crustal expansion to 
account for rapid rates of uplift. In further studies I am planning on dating the retrograde 
sphene rims on rutile and ilmenite to compare with the dates from zircons of 115Ma.  
This may constrain the time range of decompression. 
 
The isothermal nature of the decompression may illuminate more on the nature of fluid 
flow through the amphibolite unit during decompression. While the mélange block and 
matrix structure of the unit suggest high fluid flux occurred at some point, fluid flow 
would have cooled the blocks faster than conductive heat transfer alone. A faster cooling 
rate would mean a faster exhumation rate. Water was clearly present during exhumation 
otherwise hornblende could not have formed. If we are able to constrain the rate of 
exhumation we may further be able to constrain fluid flux during that time. I hypothesize 
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that since a near isothermal decompression path already implies a rapid exhumation fluid 




Santa Catalina island has a complicated tectonic and metamorphic history that has been 
important in the development of our understanding of subduction related metamorphism 
and metasomatism (e.g. Platt, 1975; Bebout & Barton, 1989). This paper has shown that 
previous studies likely underestimated peak pressures of metamorphism for the 
amphibolite unit; it also suggests that these samples followed a near isothermal 
decompression path. The peak of metamorphism occurred between 700 - 750 ˚C and 
above 15 kbar. As the unit was exhumed pressures were reduced to 7 kbar. This 
corresponds to a change in crustal depth from 50km to 21km. The higher pressures 
possibly have implications in how the tectonic and metasomatic models of the island are 
interpreted. While these higher pressures are not inconsistent with the model proposed by 
Grove and others (2008) the model should be reevaluated to include higher-pressure 
scenarios as well as a mechanism for rapid exhumation (e.g. Grove et al. 2008).  
 
 This study shows the usefulness of equilibrium assemblage diagrams in 
thermobarometry. EADs are powerful tools, but at they are models and as with any model 
one must evaluate how well they reflect the real world.  The EADs developed for H121A 
strongly support my conclusions of peak metamorphism being higher in pressure than 
previously proposed.  The mineral compositions observed in the sample and in the EAD 
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do not match perfectly, which indicates a more complicated history of the rocks than 
currently accounted for in the model. A single EAD is unlikely to perfectly describe 
mineral compositions along a P-T path because it assumes that the minerals are in 
equilibrium at each stage of the path. Further research on sample H121A presents an 
exciting opportunity to develop a series of EADs that reflect the changing bulk 
composition at each step of the P-T path as garnets grow and partial melt is removed. 
There is a possibility of creating a partial prograde P-T path for sample H121A with this 
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